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1 .  I N T R O D U C T I O N  
H e a t  p i p e  a p p l i c a t i o n s  c a n  b e  f o u n d  i n  m a n y  a r e a s  
o f  e n g i n e e r i n g  a n d  t e c h n o l o g y ,  l i k e  a e r o s p a c e ,  h e a t  
e x c h a n g e r ,  e l e c t r o n i c  c o o l i n g ,  s o l a r  t e c h n o l o g y  a n d  
c o o l i n g  o f  t h e  t i p  o f  a  d r i l l  [  1 3 ]  j u s t  t o  m e n t i o n  a  f e w .  
H e a t  p i p e s  o f f e r  a n  e f f e c t i v e  a l t e r n a t i v e  t o  r e m o v i n g  
* C o r r e s p o n d i n g  A u t h o r :  E m a i l :  j e n t @ u w m . e d u  
1 6 5  
h e a t  w i t h o u t  s i g n i f i c a n t  i n c r e a s e s  i n  o p e r a t i n g  
t e m p e r a t u r e s .  A  h e a t  p i p e  i s  a  p a s s i v e  d e v i c e  t h a t  
t r a n s p o r t s  e n e r g y  w i t h  r e l a t i v e l y  l o w  t e m p e r a t u r e  
d i f f e r e n c e  w i t h o u t  t h e  n e e d  o f  a n  e x t e r n a l  p o w e r  
s u p p l y .  T h e  c o m p o n e n t s  o f  a  h e a t  p i p e  a r e  a  s e a l e d  
c o n t a i n e r  ( p i p e  w a l l  a n d  e n d  c a p s ) ,  a  w i c k  s t r u c t u r e ,  
a n d  a  s m a l l  a m o u n t  o f  w o r k i n g  f l u i d  i n  e q u i l i b r i u m  
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with its own vapor. Typically, a heat pipe can be 
divided into three sections : evaporator section, 
adiabatic (transport) section and condenser section. 
The external heat load on the evaporator section 
causes the working fluid to vaporize . The resulting 
vapor pressure drives the vapor through the 
adiabatic section to the condenser section, where the 
vapor is condensed, releasing its latent heat of 
vaporization to the low temperature environment. 
The condensed working fluid is then pumped back 
by capillary pressure generated by the meniscus in 
the wick structure. Transport of heat can be 
continuous as long as there is enough capillary 
pressure generated to drive the condensed liquid 
back to the evaporator. 
There is an extensive literature dedicated to heat 
pipes research. A detailed literature review on the-
state-of-art development in heat pipes can be found 
in Faghri [5] and Peterson [16]. Tournier and EI-
Genk [ 18] present a transient heat transfer model by 
numerically solving the Navier-Stokes equation and 
energy equation in the wick region and the energy 
equation in the solid wall. A coupling of the thermal 
with the hydrodynamic boundary condition through 
an energy balance at the interface was introduced. 
Subsequently, El-Genk and Huang [4] carried out an 
experimental investigation to validate the numerical 
solution. Harley and Faghri [II] present a transient 
lumped model and Cao and Faghri [2] developed a 
two-dimensional transient continuum model similar 
to the one presented by Tourner and El-Genk. 
Sobhan et al. [ 17] solves a conjugate problem for 
the vapor, wick structure and solid wall for a flat 
heat pipe with water as the working fluid, using 
volume-averaged N a vier-S tokes equations in the 
porous media . All these models suffer from the 
disadvantages that either oversimplify the models or 
become very intense numerical simulation. Some 
other researchers [6],[ 19] concentrate on the startup 
of the heat pipe from a frozen condition, which are 
typical cases in high temperature heat pipe 
application using liquid metals as working fluids. In 
this study, the full formulation is presented and 
discussed but a simplified model is developed for 
the transient response of the heat pipe retaining 
most of its main physical characteristics by solving 
the energy equation in the solid wall and wick 
region and updating the interface temperature by 
assuming a fully saturated condition in the vapor 
core. If the permeability of the pipe is very small, 
the flow in the wick can be assume stagnant without 
significance effect in the temperature response . The 
full conjugate problem has been solved by the 
author [10] and a full sensitivity analysis was 
performed to analyze the effect of different 
parameters in the operation of a heat pipe. 
2. PHYSICAL MODEL AND MATHEMATICAL 
FORMULATION 
The basic geometric parameters of the heat pipe 
and the coordinate system are shown in Figure I. 
Geometric dimensions and input values are 
summarized in the Table I. In this study, the working 
fluid used is water. 
Heat fluxes at the evaporator and convection 
conditions at the condenser are considered uniform 
around the circumferential direction. Based on this 
assumption, the problem becomes axis-symmetric 
and all the derivatives with respect to the 
circumferential direction are zero. Thus, the 
problem becomes two-dimensional in cylindrical 
coordinates. The vapor and liquid flow are assumed 
laminar and incompressible. For the vapor flow in 
the core region of the heat pipe the conventional 
Navier-Stokes equations are applied. For the liquid 
flow in the wick structure, the conceptual model is 
a porous medium . In porous media, the Navier-
Stokes equations are still valid but only for each 
fluid element inside the micro channel. However, 
due to the complex geometric configuration, the 
flow becomes very complicated and some kind of 
averaging is necessary to make the problem 
tractable mathematically. This idea is in some way 
similar to the time-averaging approach in turbulent 
flow. In porous media instead, a volume averaged 
of the Navier-Stokes equations is performed[!] . 
This volume-averaging to the Navier-Stokes 
equations yields: 
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G e o m e t r i c  d i m e n s i o n s  a n d  i n p u t  v a l u e s  o f  t h e  h e a t  p i p e .  
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a ( p v ; )  a ( p v ; v , ) _  a p  a (  a v ; )  a v ; ' 8  
- - +  - - - + - J l - - p - -
a t  a x ,  a x ,  a x ,  a x ,  a x ,  .,  
( I )  
'  a c p v ; )  ,  a c p v ;  v , )  
- - - + - - -
E  a ,  E ~ a x ,  
W h e r e  p  i s  t h e  r e d u c e d  p r e s s u r e ,  p  =  p  - p g h ,  h  i s  
t h e  h e i g h t  o f  t h e  h e a t  p i p e  w i t h  r e s p e c t  t o  t h e  
a  j J  I  k (  a V ;  )  av; ~ 
0  
- - + - J l - - p  
a x ,  E  a x
1  
a x ,  a x ,  u  
( 2 )  
h o r i z o n t a l  p o s i t i o n  v i  a n d  i s  a  l o c a l  s p a t i a l  d e v i a t i o n  
i n  t h e  " i "  d i r e c t i o n  w i t h i n  t h e  v o i d  s p a c e .  T h e  a v e r a g e  
a  
, ,  
v .  
T h e  t e r m  P a x '  8 ,  r e p r e s e n t s  v i s c o u s  r e s i s t i n g  
1  
v e l o c i t y  v ;  i s  r e l a t e d  t o  t h e  D a r c y  v e l o c i t y  Y ;  b y  t h e  
D u p u i t - F o r c h h e i m e r  r e l a t i o n s h i p , Y ;  =  E \ \  ,  w h e r e  E  i s  
t h e  p o r o s i t y .  W r i t i n g  e q u a t i o n  ( I )  i n  t e r m s  o f  t h e  
D a r c y  v e l o c i t y  y i e l d s :  
f o r c e  d u e  t o  t h e  v a r i a t i o n  o f  t h e  f l o w  i n  t h e  m i c r o -
c h a n n e l s  o f  t h e  p o r o u s  m e d i u m .  A t  t h i s  p o i n t  w e  h a v e  
o  i n t r o d u c e  t h e  p o r o u s  m e d i u m  m o d e l  e q u i v a l e n t  i n  
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some way to the constitutive equations in the 
continuum model. We will assume that this resistance 
force is proportional to the average velocity at that 
point plus and additional term proportional to the 
square of the velocity and they are acting in a 
direction opposite to the local velocity : 
(3) 
Where K is called the "permeability" of the porous 
medium and the coefficient CF is the Ergun's constant 
which value is approximately 0.55. The first term on the 
right hand side is called the Darcy term and the second 
one is called the Forchheimer term, which is due to the 
dispersion effect in the porous media. Note that the 
Forchheimer term is usually small when the Darcy 
velocity is small. Introducing this model into Equation (2): 
( ~)-}!__ v _ _s;_ lv lv J1 ax
1 
K ; K 01 p ; ; (4) 
Defining a "reduced velocity" v = '::!.i.. and 
' £ 
substituting into Equation (4): 
a n a ( av ) 11 , c ,0 ~ I 
_..:..L..+- 11--'- -E r::.... y -£' ~p . V 
ax ax ,.. ax K ' K 05 ' ' 
I j j I (5) 
Defining a "pore Reynolds number" as: 
Re =p V, JK 
p I Jl , (6) 
Writing the last term of the right hand side of 
equation (4), the Forchheimer term, in term of the 
pore Reynolds number and comparing with the Darcy 
term yields: 
J1 - c 1-1- 11-
-- V __ F_ p V V =- - V (l+ C. Re ) K • K os , , K , f P (7) 
If (CpRe") is of order one, the Forchheimer term is 
of the same order as the Darcy term . It can be seen 
that Equation (5) reduces to the equation of the vapor 
core of the heat pipe by letting E =I and K equals to 
infinity. This provides a convenient formulation for 
the numerical solution. 
In cylindrical coordinates and with axis-symmetric 
conditions implied, the mass and momentum 
equations can be written as: 
Conservation of mass 
1 a avo 
--(rV )+-· =0 
r ar ' az (8) 
Momentum equation in the radial direction 
il(pV,) + I il(p rV,V,) + il(p V,YJ _ () p 
-il-1- il r _il_z _ __ "i); 
(
I a av, a'v, v, J 11 , cF +Jl --<r-)+-, ---:;- -10-v, -c -pv,r,l 
rilr ilr il zo r o K JK (9) 
Momentum equation in the axial direction 
a(pVO) I a(p rVY,) a(p VYO) a j; 
- - 0-+ 0 + 0 0 =--
ar r ar az az 
(I 0) 
Here Vr and Vz are the "reduced" radial and axial 
velocities respectively. Note that for the vapor, the 
reduced velocities are the actual velocities. For the 
liquid, the actual (Darcy) velocities are the reduced 
velocities times the porosity, \.-j = V;£. It is worth 
noting that using this formulation, the same 
formulation can be used to solve the flow in a two-
dimensional flat heat pipe by just letting r =I and 
replace the coordinate r as the y coordinate 
perpendicular to the axial direction z. 
The energy equation has the following form: 
T R A N S I E N T  H E A T  T R A N S F E R  A N A L Y S I S  O N  A  H E A T  P I P E  
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( p  C , , ) m  ilT +~ i l ( p r  V J ' )  +  i l ( p  V T )  =  !!_(~i_(r i l T  ) ) +  . ! ! _ _ (  ( ) ' : · )  
c  p  a  I r  d r  d Z  P r  r  d r  d r  P r  ( ) z - (  I  I  )  
H e r e ,  P r  i s  t h e  P r a n d t l  n u m b e r  w r i t t e n  a s  P r  =  J 1  C p  
k  
w h e r e  k  i s  t h e  t h e r m a l  c o n d u c t i v i t y .  F o r  t h e  w i c k  
s t r u c t u r e ,  t h e  t h e r m a l  c o n d u c t i v i t y  i s  c o m p u t e d  a s  a n  
e f f e c t i v e  c o n d u c t i v i t y  k i l l  o f  t h e  n o n - h e t e r o g e n e o u s  
m e d i u m  t h a t  c a n  b e  m o d e l e d  a s  [ 3 ] :  
k  = k  ( 2 + k 1 f k , - 2 E ( l - k 1 f k , ) )  
m  ' 2 + k
1
/ k , + E ( l - k
1
/ k , )  
(  1 2 )  
T h e  s u b s c r i p t  " s "  a c c o u n t s  f o r  t h e  p r o p e r t i e s  o f  t h e  
s o l i d  m a t e r i a l  o f  t h e  w i c k  a n d  s u b s c r i p t  " ! "  f o r  t h e  
p r o p e r t i e s  o f  t h e  w o r k i n g  f l u i d .  c l '  i s  t h e  s p e c i f i c  h e a t  
o f  t h e  l i q u i d  f o r  t h e  w i c k  d o m a i n  a n d  t h e  s p e c i f i c  h e a t  
o f  t h e  s o l i d  f o r  t h e  w a l l  d o m a i n .  T h e  e f f e c t i v e  h e a t  
c a p a c i t y  ( p C P ) ,
1 1  
t h a t  a p p e a r s  i n  t h e  t r a n s i e n t  t e r m  i s  
c o m p u t e d  a s  [ 3 ] :  
( p C P ) " '  = ( l - E ) ( p C ) ,  + E ( p C P ) ,  
( 1 3 )  
F o r  s o l i d  w a l l s  k i l l  i s  j u s t  t h e  c o n d u c t i v i t y  o f  t h e  
s o l i d  w a l l  k ,  a n d  ( p C p ) m  i s  t h e  h e a t  c a p a c i t y  o f  t h e  
s o l i d  w a l l ;  t h e  v e l o c i t y  f i e l d  i n  t h e  s o l i d  w a l l  i s  z e r o  
a n d  t h e  e n e r g y  e q u a t i o n  t h e r e f o r e  r e d u c e s  t o  t h e  h e a t  
c o n d u c t i o n  e q u a t i o n .  
3 .  B O U N D A R Y  C O N D I T I O N S  
A N D  I N I T I A L  C O N D I T I O N  
A t  t h e  e n d  c a p s  o f  t h e  h e a t  p i p e  ( z = O  a n d  z = L ) ,  t h e  
r a d i a l  a n d  a x i a l  v e l o c i t i e s  a r e  z e r o  ( i m p e r m e a b l e  w a l l  
a n d  n o - s l i p  c o n d i t i o n ) .  T h e  i m p e r m e a b l e  c o n d i t i o n  a t  
t h e  e n d  c a p  n e a r  t h e  t i p  c a n  b e  j u s t i f i e d  b y  t h e  f a c t  t h a t  
n o  e v a p o r a t i o n  o r  c o n d e n s a t i o n  i s  t a k i n g  p l a c e  a t  t h i s  
e n d  c a p s  d u e  t o  t h e  l a c k  o f  a  w i c k  s t r u c t u r e  t h e r e  ( i . e . ,  
n o  l i q u i d  i s  a c c u m u l a t e d  t h e r e ) .  A t  t h e  e x t e r i o r  
b o u n d a r y  o f  t h e  w i c k  s t r u c t u r e  ( R = R o + t w ) ,  t h e  r a d i a l  
a n d  a x i a l  v e l o c i t i e s  a r e  z e r o  t o o  ( i m p e r m e a b l e  w a l l  
a n d  n o - s l i p  c o n d i t i o n ) .  A  s y m m e t r y  c o n d i t i o n  i s  
a p p l i e d  i n  t h e  s y m m e t r i c  a x i s  o f  t h e  v a p o r  c o r e .  
E v a p o r a t i o n  a n d  c o n d e n s a t i o n  a t  t h e  i n t e r f a c e  o f  
t h e  v a p o r  a n d  w i c k  o f  t h e  h e a t  p i p e  a r e  m o d e l e d  a s  
b l o w i n g  a n d  s u c t i o n  v e l o c i t i e s  [ 5 ] ,  w h i c h  a r e  r e l a t e d  
t o  t h e  l o c a l  h e a t  t r a n s f e r  r a t e  a s :  
a n d  
V w  = ±  V w  
E  
(  1 4 )  
W h e r e  q ( z )  i s  t h e  l o c a l  r a t e  o f  h e a t  t r a n s f e r  p e r  u n i t  
l e n g t h ,  p  i s  t h e  d e n s i t y  o f  t h e  v a p o r  w h e n  c a l c u l a t i n g  t h e  
i n p u t  a n d  o u t p u t  v e l o c i t y  o f  t h e  v a p o r  c o r e  a n d  s w i t c h e s  
t o  t h e  d e n s i t y  o f  t h e  l i q u i d  f o r  t h e  i n p u t  a n d  o u t p u t  o f  t h e  
w i c k  s t r u c t u r e ;  h
1
g  i s  t h e  l a t e n t  h e a t  o f  v a p o r i z a t i o n .  T h e  
p o s i t i v e  s i g n  c o r r e s p o n d s  t o  a  s u c t i o n  a c t i o n  i n  t h e  
c o n d e n s e r  f o r  t h e  l i q u i d  a n d  a  b l o w i n g  a c t i o n  f o r  t h e  
v a p o r ;  t h e  n e g a t i v e  s i g n  c o r r e s p o n d s  t o  a  b l o w i n g  a c t i o n  
i n  t h e  e v a p o r a t o r  f o r  t h e  v a p o r  a n d  a  s u c t i o n  a c t i o n  f o r  
t h e  l i q u i d .  T h e  l o c a l  h e a t  t r a n s f e r  r a t e  q ( z )  i s  c a l c u l a t e d  
f r o m  t h e  s o l u t i o n  o f  t h e  e n e r g y  e q u a t i o n  a n d  t h i s  i s  t h e  
w a y  t h a t  t h e  m o m e n t u m  a n d  e n e r g y  e q u a t i o n s  a r e  
c o u p l e d .  I t  i s  f u r t h e r  a s s u m e d  t h a t  a  u n i f o r m  h e a t  f l u x  
p r e v a i l s  a t  t h e  e v a p o r a t o r  s e c t i o n  a n d  i s  a p p l i e d  a t  t h e  
s u r f a c e  o f  t h e  h e a t  p i p e  ( R = R
0
+ t w + t w a l l >  s e e  F i g .  1 ) .  T o  
b e  a b l e  t o  p r o c e e d  w i t h  t h e  t r a n s i e n t  c a l c u l a t i o n ,  a n  
a s s u m p t i o n  i s  n e e d e d  f o r  t h e  t h e r m a l  b o u n d a r y  
c o n d i t i o n  a t  t h e  o u t e r  s u r f a c e  o f  t h e  h e a t  p i p e  i n  t h e  
c o n d e n s a t i o n  s e c t i o n .  A  c o n v e c t i o n  b o u n d a r y  c o n d i t i o n  
i s  p r e s c r i b e d ,  a s s u m i n g  a  c o n s t a n t  h e a t  t r a n s f e r  
c o e f f i c i e n t  a n d  a  r e f e r e n c e  t e m p e r a t u r e  T " '  i s  i m p o s e d ,  
w h i c h  i s  e q u a l  t o  t h e  a m b i e n t  t e m p e r a t u r e .  T h e  o u t e r  
s u r f a c e  b e t w e e n  t h e  e v a p o r a t i o n  a n d  c o n d e n s a t i o n  
s e c t i o n s  i s  a s s u m e d  i n s u l a t e d .  T h e  t e m p e r a t u r e  a t  t h e  
l i q u i d - v a p o r  i n t e r f a c e  i s  c a l c u l a t e d  a s  p a r t  o f  t h e  
s o l u t i o n  a s s u m i n g  t h a t  t h e  v a p o r  i s  a l w a y s  c o m p l e t e d  
s a t u r a t e d .  T h e  s a t u r a t i o n  t e m p e r a t u r e  i s  r e l a t e d  t o  t h e  
s a t u r a t i o n  p r e s s u r e  o f  t h e  v a p o r  t h r o u g h  t h e  C l a u s i u s -
C l a y p e r o n  e q u a t i o n  a n d  t h i s  i n t e r f a c e  t e m p e r a t u r e  m u s t  
b e  u p d a t e d  a t  e a c h  t i m e  s t e p .  H e r e ,  i n s t e a d  o f  t h e  
C l a u s i u s - C l a y p e r o n  e q u a t i o n ,  s a t u r a t i o n  c o n d i t i o n s  
w e r e  c u r v e  f i t t e d  u s i n g  a n  e x p o n e n t i a l  r e g r e s s i o n  f o r  
w a t e r  s t e a m  v a l u e s .  I n  t h i s  w a y ,  d e n s i t y  a t  t h e  v a p o r  
c o r e  i s  r e l a t e d  t o  s a t u r a t i o n  t e m p e r a t u r e .  T h e n ,  t h e  
i n t e r f a c e  t e m p e r a t u r e  i s  u p d a t e d  a t  e a c h  t i m e  s t e p  
f o l l o w i n g  t h e  s a t u r a t i o n  l i n e .  T h e  d e n s i t y  a t  t h e  c u r r e n t  
t i m e  s t e p  n +  1  i s  u p d a t e d  a s :  
( ,  
I  
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( 15) 
Where til= l~,,V~ ."dx is the mass flux per unit 
width , M is the time step and 'V is the volume of the 
vapor core. V; 111 is the flow velocity at the interface. 
The initial condition is set equal to the ambient 
temperature T"' , everywhere at t=O. 
4. NUMERICAL MODELING 
For numerical purposes, it is useful to have a 
generic conservation equation, from which the 
equations of conservation of mass, momentum and 
energy are obtained. This universal conservation 
equation in cylindrical coordinates can be written as: 
( 16) 
Where 1/J is a generic property, which is defined as 
the intensive property of the system (e.g . , for 
continuity, mass has to be conserved, so 1/J =I), r is 
TABLE 2 
Terms in the generic conservation equation. 
1/J r s¢ 
0 
V, 
dp 
J.l dr 
vz 
dp 
J.l dz 
T km 0 
c,, 
the diffusivity for the generic property 1/J, Stp is the 
source term. For the energy equation the transient 
term has the form showed in Equation (II). It can be 
seen from Table 2 that the governing equations can be 
reproduced from this generic equation . The main 
advantage of the generic conservation equation is that 
only one equation of the same form is required in the 
numerical program developing. Note that the pressure 
gradient is included in the source term just for 
convenience in the notation. In actual computation , 
however, this term is treated separately since the 
pressure field has to be calculated as part of the 
solution . A pressure correction (or pressure equation) 
is derived from the momentum equation to enforce 
mass conservation. This is the basis of the SIMPLE-
like algorithms [ 15] . 
The term 11 v~ that appears in cylindrical 
r' 
coordinates in Equation (9) is treated implicitly as 
part of the central coefficient. For the liquid flow, the 
contribution of the porous media model is moved to 
the left hand side of the equations and treated 
implicitly as part of the central coefficient. 
No boundary condition was prescribed at the 
interface between the solid wall and the wick 
Equation 
continuity 
r-momentum 
z-momentum 
energy equation 
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s t r u c t u r e .  H o w e v e r  a  u n i q u e  h e a t  f l u x  m u s t  p r e v a i l  a t  
t h i s  i n t e r f a c e .  N u m e r i c a l l y ,  t h e  s o l i d  d o m a i n  a n d  t h e  
p o r o u s  d o m a i n  c a n  b e  s o l v e d  s e p a r a t e l y  a n d  i t e r a t e s  
u n t i l  m a t c h i n g  t h e  h e a t  f l u x  a t  t h e  i n t e r f a c e .  A n o t h e r  
m o r e  e f f i c i e n t  w a y  i s  t o  s o l v e  b o t h  d o m a i n s  t o g e t h e r  
a s  a  c o n j u g a t e  p r o b l e m .  P r e s c r i b i n g  a  l a r g e  n u m b e r  
f o r  t h e  v i s c o s i t y  i n  t h e  s o l i d  d o m a i n  w i l l  g u a r a n t e e  a  
z e r o  v e l o c i t y  f i e l d  f o r  t h e  s o l i d  d o m a i n  a n d  t h e  
i n t e r f a c e  t e m p e r a t u r e  i s  c a l c u l a t e d  a s  p a r t  o f  t h e  
s o l u t i o n  [  1 5 ] .  
A  v a r i a b l e  g r i d  i s  u s e d  t o  h a v e  a  b e t t e r  r e s o l u t i o n  
n e a r  t h e  i n t e r f a c e .  I n  t h e  a x i a l  d i r e c t i o n  t h e  g r i d  i s  
g e n e r a t e d  i n  t h r e e  z o n e s  o f  1 6  c o n t r o l  v o l u m e s  i n  t h e  
e v a p o r a t o r  a n d  c o n d e n s e r  z o n e s  a n d  5 0  c o n t r o l  
v o l u m e s  i n  t h e  a d i a b a t i c  z o n e .  I n  t h e  r a d i a l  d i r e c t i o n  
t h e  g r i d  i s  g e n e r a t e d  i n  t w o  z o n e s  o f  I  0  c o n t r o l  
v o l u m e s  i n  t h e  w i c k  r e g i o n  a n d  I  0  c o n t r o l  v o l u m e s  i n  
t h e  s o l i d  w a l l  z o n e .  T h e  v a r i a b l e  g r i d  i s  c r e a t e d  u s i n g  
a n  e x p a n s i o n  c o e f f i c i e n t ,  w h i c h  i s  c h o s e n  c l o s e  t o  
u n i t y  t o  m a i n t a i n  a  g l o b a l l y  s e c o n d  o r d e r  a c c u r a c y  i n  
s p a c e .  A  g r i d  i n d e p e n d e n t  t e s t  c o n f i r m e d  t h a t  t h i s  g r i d  
w a s  g o o d  e n o u g h  a n d  w a s  u s e d  f o r  a l l  t h e  
c a l c u l a t i o n s .  A  c o n t r o l  v o l u m e  a p p r o a c h  i s  u s e d  t o  
d i s c r e t i z e  t h e  g o v e r n i n g  e q u a t i o n s .  T h e  d i f f u s i o n  
t e r m s  i n  t h e  g e n e r i c  e q u a t i o n  a r e  d i s c r e t i z e d  u s i n g  a  
c e n t e r e d  d i f f e r e n c e  s c h e m e .  F o r  t h e  c o n v e c t i o n  t e r m s  
a  p o w e r  l a w  s c h e m e  [  1 5 ]  i s  u s e d .  T h e  p r e s s u r e  
v e l o c i t y  c o u p l i n g  i s  s o l v e d  u s i n g  t h e  S I M P L E C  
a l g o r i t h m  [ 2 1 ] .  F o r  d e t a i l s  o f  t h e  d i s c r e t i z a t i o n  s e e  
F e r z i g e r  a n d  P e r i c  [ 8 ] .  
5 .  N U M E R I C A L  P R O C E D U R E  
I .  S o l v e  t h e  t e m p e r a t u r e  f i e l d  f o r  t h e  w a l l  a n d  w i c k  
r e g i o n s  u s i n g  t h e  c u r r e n t  v a l u e s  o f  t h e  v e l o c i t y  
a n d  t e m p e r a t u r e  f i e l d s .  A  D i r i c h l e t  ( c o n s t a n t  
s u r f a c e  t e m p e r a t u r e )  b o u n d a r y  c o n d i t i o n  i s  
a p p l i e d  a t  t h e  v a p o r - l i q u i d  i n t e r f a c e .  
2 .  C a l c u l a t e  t h e  v a p o r - l i q u i d  i n t e r f a c e  v e l o c i t i e s  
b a s e d  o n  t h e  h e a t  t r a n s f e r  r a t e  o b t a i n e d  i n  s t e p  I  
u s i n g  E q u a t i o n  (  1 7 ) .  T h e  h e a t  t r a n s f e r  r a t e  i s  
c o m p u t e d  f r o m  t h e  t e m p e r a t u r e  f i e l d  i n  t h e  w i c k  
s t r u c t u r e  u s i n g  t h e  F o u r i e r ' s  l a w .  T h e  h e a t  t r a n s f e r  
c a n  b e  n e g l e c t e d  i n  t h e  v a p o r  c o r e  d u e  t o  t h e  l o w  
c o n d u c t i v i t y  o f  t h e  v a p o r  a n d  p r a c t i c a l l y  u n i f o r m  
t e m p e r a t u r e  f i e l d  i n  t h e  v a p o r  d o m a i n  [ I  0 ] .  
3 .  S o l v e  t h e  m o m e n t u m  e q u a t i o n s  i n  t h e  r  a n d  z  
d i r e c t i o n s  s i m u l t a n e o u s l y  u s i n g  t h e  c u r r e n t  
v a l u e s  f o r  p r e s s u r e  a n d  v e l o c i t i e s  ( i n  t h e  f i r s t  
i t e r a t i o n  a  z e r o  v e l o c i t y  a n d  p r e s s u r e  f i e l d  i s  
a s s u m e d ,  e x c e p t  a t  t h e  b o u n d a r i e s  w h e r e  t h e  
b o u n d a r y  c o n d i t i o n s  a r e  a p p l i e d ) .  T h e  l i q u i d  a n d  
v a p o r  d o m a i n s  a r e  s o l v e d  s e q u e n t i a l l y .  
4 .  S i n c e  t h e  v e l o c i t i e s  o b t a i n e d  i n  S t e p  3  m a y  n o t  
s a t i s f y  t h e  c o n t i n u i t y  e q u a t i o n  l o c a l l y ,  t h e  
p r e s s u r e  c o r r e c t i o n  e q u a t i o n  i s  s o l v e d  t o  o b t a i n  
t h e  n e c e s s a r y  c o r r e c t i o n s  f o r  t h e  v e l o c i t y  f i e l d .  
N o t e  t h a t  u s i n g  t h e  S I M P L E C  a l g o r i t h m  t h e  
p r e s s u r e  d o e s  n o t  n e e d  a  c o r r e c t i o n .  
5 .  C o r r e c t  t h e  v e l o c i t y  f i e l d  u n t i l  c o n t i n u i t y  i s  
a c h i e v e d .  
6 .  S i n c e  t h e  m o m e n t u m  e q u a t i o n s  m a y  n o t  b e  
s a t i s f i e d  w i t h  t h e  c o r r e c t e d  v e l o c i t i e s ,  r e p e a t  
s t e p s  3  t o  6  u n t i l  t h e  r e s i d u a l  o f  t h e  m o m e n t u m  
e q u a t i o n s  a n d  p r e s s u r e  e q u a t i o n  a r e  l e s s  t h a n  a  
p r e - a s s i g n e d  c o n v e r g e n c e  c r i t e r i o n .  N u m e r i c a l  
g r i d  c o n v e r g e n c e  i s  n e e d e d  t o  g u a r a n t e e  t h a t  t h e  
r e s u l t s  a r e  i n d e p e n d e n t  o f  t h e  g r i d  s i z e  a n d  f r o m  
t h e  c o n v e r g e n c e  v a l u e  a s s i g n e d  f o r  t h e  r e s i d u a l  
o f  t h e  l i n e a r  s y s t e m .  
7 .  A f t e r  c o n v e r g e n c e s  o f  m o m e n t u m  a n d  c o n t i n u i t y  
e q u a t i o n s  f o r  t h e  c u r r e n t  t i m e  s t e p ,  r e p e a t  s t e p s  I  t o  
6  f o r  t h e  n e x t  t i m e  s t e p  a n d  s o  o n ,  u p d a t i n g  t h e  
s a t u r a t i o n  t e m p e r a t u r e  a t  t h e  v a p o r - l i q u i d  i n t e r f a c e  
u s i n g  e q u a t i o n  1 8 .  P r o c e e d  t o  t h e  n e x t  t i m e  s t e p  
u n t i l  a  s t e a d y  s t a t e  c o n d i t i o n  i s  o b t a i n e d .  
6 .  R E S U L T S  A N D  D I S C U S S I O N  
F r o m  t h e  s o l u t i o n  o f  t h e  v a p o r  f l o w ,  w h a t  i s  
i m p o r t a n t  f o r  t h e  t h e r m a l  p e r f o r m a n c e  i s  h o w  m u c h  
t h e  p r e s s u r e  d r o p s  i n  t h e  v a p o r  c o r e .  H o w e v e r ,  t h i s  
p r e s s u r e  d r o p  i s  v e r y  s m a l l ,  t y p i c a l l y  i n  t h e  o r d e r  o f  
1 0  t o  2 0  P a ,  t h u s  t h e  t e m p e r a t u r e  i n  t h e  v a p o r  c o r e  c a n  
b e  a s s u m e d  t o  b e  c o n s t a n t .  F r o m  a  n u m e r i c a l  p o i n t  o f  
v i e w ,  t h e  m o r e  i n v o l v e d  c o m p u t a t i o n  i s  t h e  s o l u t i o n  
o f  t h e  v a p o r  b u t  i t s  v e l o c i t y  p r o f i l e s  d o e s  n o t  p l a y  
s i g n i f i c a n t  r o l e  i n  t h e r m a l  p e r f o r m a n c e  o f  t h e  h e a t  
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pipe, Gutierrez (2002). Under certain s pecial 
co nditi o ns, for exampl e, for lon ge r hea t pipes of 
liquid meta l, which may result in high velocities in 
the vapor, th e so lution of the vapor could be 
important. However, for the dimensions of the heat 
pipe ana lyzed he re, the va por behaves very much 
isothermal. Regarding the solution of the liquid flow 
in the wick structure, the kind of flow in the wick is 
pretty much governed by the hydrauli c conductivity 
of the porous medium. For a sintered wick structure, 
thi s value is very small , in the order of I o-10 m and the 
flow is a Darcy flow. For the order of heat input tested 
in this pape r, I 0 W to 20 W, the velocities in the wick 
a re very s mall , in the order of I mm/s a nd the 
12.~ 
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FIGURE 2 
Pipe sizes in millimeters. 
T R A N S I E N T  H E A T  T R A N S F E R  A N A L Y S I S  O N  A  H E A T  P I P E  
1 7 3  
c o n v e c t i o n  c o n t r i b u t i o n  o f  t h e  f l o w  i s  v e r y  s m a l l .  
W i t h  t h i s  c o n s i d e r a t i o n ,  i t  i s  p o s s i b l e  t o  u n c o u p l e  t h e  
h y d r o d y n a m i c  p r o b l e m  a n d  t h u s  s i g n i f i c a n t l y  
r e d u c i n g  t h e  n u m e r i c a l  e f f o r t .  T h e  o n l y  c o u p l i n g  t h a t  
s t i l l  i s  n e e d e d  i s  t h e  b l o w i n g  a n d  s u c t i o n  v e l o c i t y  
c a l c u l a t e d  f r o m  E q u a t i o n  (  1 4 )  t o  u p d a t e  t h e  d e n s i t y  
w i t h  E q u a t i o n  (  1 5 )  a n d  c a l c u l a t e  t h e  c u r r e n t  
s a t u r a t i o n  t e m p e r a t u r e  d u r i n g  t h e  t r a n s i e n t  
c a l c u l a t i o n s .  A  c o m p r e h e n s i v e  p a r a m e t r i c  s t u d y  w a s  
c a r r i e d  o u t  b y  c o m p a r i n g  a  h e a t  p i p e  w i t h  a  s o l i d  p i p e  
a n d  a n  a n n u l a r  p i p e  o f  p u r e  c o p p e r  o f  t h e  s a m e  
d i m e n s i o n s .  T h i s  w i l l  g i v e  a  b e t t e r  u n d e r s t a n d i n g  o f  
u n d e r  w h a t  c o n d i t i o n s  t h e  h e a t  p i p e  o p e r a t e  m o r e  
e f f e c t i v e l y  c o m p a r e  w i t h  a  p i p e  o f  p u r e  c o n d u c t i o n .  
T h e  a n n u l a r  p i p e  w a s  i n c l u d e d  t o  a p p r e c i a t e  h o w  a  
h e a t  p i p e  w i l l  r e s p o n d  a f t e r  d r y  o u t  c o n d i t i o n s .  T h e  
r e s u l t s  f r o m  t h e  p a r a m e t r i c  s t u d y  w i l l  s u b s e q u e n t l y  b e  
v a l i d a t e d  e x p e r i m e n t a l  d a t a .  A  s c h e m a t i c  o f  t h e  h e a t  
p i p e ,  s o l i d  p i p e ,  a n d  a n n u a l  p i p e  w i t h  d i m e n s i o n s  i s  
g i v e n  i n  F i g u r e  2 .  
F i g u r e  3  s h o w s  a  c o m p a r i s o n  b e t w e e n  a  h e a t  p i p e ,  
a  s o l i d  p i p e  a n d  a n  a n n u l a r  s o l i d  p i p e  o f  p u r e  
c o n d u c t i o n  f o r  a  h e a t  i n p u t  o f  7  W  a n d  a  h e a t  t r a n s f e r  
c o e f f i c i e n t  h e =  5 0  W / m
2
K .  T h e  h e a t  p i p e  h a s  t h e  
f o l l o w i n g  d i m e n s i o n s ,  1 4  m m  d i a m e t e r  a n d  1 7 5  m m  
l o n g  w i t h  o u t e r  w a l l  t h i c k n e s s  o f  I  m m  a n d  t h e  w i c k  
l a y e r  t h i c k n e s s  o f  I  m m .  T h e  l e n g t h s  o f  t h e  
e v a p o r a t i o n ,  a d i a b a t i c ,  a n d  c o n d e n s a t i o n  s e c t i o n s  a r e ,  
2 5  m m ,  1 2 5  m m ,  a n d  2 5  m m ,  r e s p e c t i v e l y .  T h e  s o l i d  
p i p e  h a s  t h e  s a m e  d i m e n s i o n  o f  t h e  h e a t  p i p e ,  w h i c h  i s  
m a d e  o f  c o p p e r .  T h e  a n n u l a r  p i p e  i s  2  m m  t h i c k  a n d  
h a s  t h e  s a m e  d i m e n s i o n  o f  t h e  h e a t  p i p e ,  w h i c h  i s  
s i m i l a r l y  m a d e  o f  c o p p e r  a n d  i n s u l a t e d  i n  t h e  i n t e r n a l  
w a l l .  I t  c a n  b e  s e e n  f r o m  t h e  f i g u r e  t h a t  t h a t  t h e  
a n n u l a r  p i p e  i s  t h e  f a s t e s t  t o  r e s p o n d  s i n c e  i t s  t h e r m a l  
e n e r g y  s t o r a g e  c a p a c i t y  i s  t h e  l o w e s t .  I t s  t e m p e r a t u r e  
a t  t h e  c e n t e r  o f  t h e  e v a p o r a t o r  r i s e s  t o  a p p r o x i m a t e l y  
1 8 4  o c  a t  s t e a d y  s t a t e  c o n d i t i o n .  I t  t a k e s  a b o u t  3 0 0 0  
s e c o n d s  t o  r e a c h  s t e a d y  s t a t e  t e m p e r a t u r e .  O n  t h e  
c o n t r a r y ,  t h e  s o l i d  p i p e  r e s p o n d s  m u c h  m o r e  s l o w l y  
d u e  t o  i t s  l a r g e r  m a s s  a n d  t h e r m a l  e n e r g y  s t o r a g e  
c a p a c i t y  a n d  e v e n  a f t e r  5 0 0 0  s e c o n d s ,  i t  s t i l l  h a s  n o t  
r e a c h e d  a  s t e a d y  s t a t e  c o n d i t i o n .  I t s  t e m p e r a t u r e  i n  t h e  
e v a p o r a t i o n  z o n e  i s  s t i l l  r i s i n g  ( o v e r  1 6 0 ° C )  a n d  
a p p r o a c h i n g  t o  a  h i g h e r  a s y m p t o t i c  t e m p e r a t u r e  
( a p p r o x i m a t e l y  1 7 0 ° C ) .  T h e  h e a t  p i p e  r e s p o n d s  f a s t e r  
t h a n  t h e  s o l i d  p i p e  a n d  i t s  t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  e v a p o r a t i o n  a n d  c o n d e n s a t i o n  i s  v e r y  s m a l l  
( a l l  t h r e e  c u r v e s  f o r  h e a t  p i p e  a r e  o v e r l a p p e d  w i t h  o n e  
a n o t h e r ) .  I t  r e q u i r e s  a l m o s t  t h e  s a m e  t i m e  ( 3 0 0 0  
s e c o n d s )  t o  r e a c h  t h e  s t e a d y  s t a t e  t e m p e r a t u r e  a s  f o r  
t h e  a n n u a l  p i p e .  H o w e v e r ,  u n d e r  s t e a d y  s t a t e  
c o n d i t i o n s  t h e  h e a t  p i p e  p r o v i d e s  t h e  l o w e s t  
t e m p e r a t u r e  i n  t h e  e v a p o r a t i o n  z o n e .  
F i g u r e  4  s h o w s  t h e  t e m p e r a t u r e  r e s p o n s e  f o r  t h e  
s a m e  c o n d i t i o n s  a s  F i g u r e  2  b u t  f o r  a  l a r g e r  h e a t  t r a n s f e r  
c o e f f i c i e n t  h e =  5 0 0  W / m
2
K .  I t  c a n  b e  s e e n  t h a t  i n  t h i s  
c a s e  t h e  h e a t  p i p e  i s  t h e  f a s t e s t  t o  r e s p o n d  a n d  r e a c h e s  
s t e a d y  s t a t e  c o n d i t i o n s  ( a p p r o x i m a t e l y  1 5 0  s e c o n d s )  
a n d  c l e a r l y  t h e  l o w e s t  t e m p e r a t u r e  ( 3 8 ° C )  i n  t h e  
e v a p o r a t o r .  F o r  t h e  a n n u a l  p i p e ,  i t  r e q u i r e s  m o r e  t h a n  
4 0 0  s e c o n d s  t o  r e a c h  s t e a d y  s t a t e ,  a n d  t h e  t e m p e r a t u r e  a t  
e v a p o r a t o r  r e g i o n  i s  o v e r  7 0 ° C ,  w h i c h  i s  a p p r o x i m a t e l y  
t w o  t i m e s  t h e  t e m p e r a t u r e  o f  t h e  h e a t  p i p e .  S i m i l a r l y ,  
t h e  s o l i d  p i p e  i s  t h e  s l o w e s t  o n e  t o  r e a c h  t h e  s t e a d y  s t a t e  
t e m p e r a t u r e ;  i n  e v a p o r a t i o n  r e g i o n ,  i t s  t e m p e r a t u r e  r i s e s  
a b o v e  5 0 ° C  a f t e r  8 0 0  s e c o n d s ,  a n d  s t i l l  d o e s  n o t  r e a c h  
t h e  s t e a d y  s t a t e  t e m p e r a t u r e .  I t  c a n  b e  s e e n  t h a t  t h e  h e a t  
p i p e  h a s  a  m u c h  s t r o n g e r  h e a t  t r a n s f e r  c a p a b i l i t y  t h a n  
t h e  o t h e r  t w o  t y p e s  o f  p i p e .  I t  i s  w o r t h  n o t i n g  t h a t  i n  a l l  
c a s e s  t h e  t e m p e r a t u r e  a t  t h e  c o n d e n s a t i o n  a p p r o a c h  t o  
t h e  s a m e  v a l u e .  T h i s  t e m p e r a t u r e  i s  c o n t r o l l e d  o n l y  b y  
t h e  h e a t  i n p u t ,  t h e  a r e a  o f  t h e  c o n d e n s a t i o n  a n d  t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t  t h r o u g h  t h e  N e w t o n ' s  l a w  o f  
c o o l i n g .  S i n c e  t h e s e  p a r a m e t e r s  a r e  t h e  s a m e  f o r  a l l  t h e  
c a s e s ,  t h e  c o n d e n s a t i o n  t e m p e r a t u r e  s h o u l d  a p p r o a c h  t o  
t h e  s a m e  v a l u e  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s .  
F i g u r e  5  s h o w s  t h e  t e m p e r a t u r e  r e s p o n s e s  f o r  t h e  
s a m e  c o n d i t i o n s  a s  i n  F i g u r e  3  a n d  F i g u r e  4 ,  b u t  i n  t h i s  
c a s e ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h e ,  i s  I  , 0 0 0  W / m
2
K .  
I n  t h i s  c a s e ,  t h e  h e a t  p i p e  r e a c h e s  s t e a d y  s t a t e  i n  l e s s  
t h a n  I  0 0  s e c o n d s ,  w i t h  t h e  l o w e s t  e v a p o r a t i o n  
t e m p e r a t u r e  a t  3 2 ° C ,  c o m p a r e d  t o  3 0 0  s e c o n d s  f o r  
s t e a d y  s t a t e  a n d  6 6 ° C  i n  t h e  e v a p o r a t i o n  z o n e  f o r  a n n u a l  
p i p e .  A g a i n ,  t h e  s o l i d  p i p e  h a s  n o t  r e a c h e d  s t e a d y  s t a t e  
o v e r  m o r e  t h a n  8 0 0  s e c o n d s  a n d  t h e  m a x i m u m  
e v a p o r a t i o n  t e m p e r a t u r e  m a y  w e l l  a b o v e  5 0 ° C .  I t  c a n  
b e  c o n c l u d e d  t h a t  t h e  h i g h e r  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  
t h e  m o r e  e f f e c t i v e  o f  a  h e a t  p i p e  i s  w i t h  r e s p e c t  t o  a  
s o l i d  a n d  a n n u l a r  t u b e  o f  p u r e  c o n d u c t i o n .  
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2  
K .  
F i g u r e  6  s h o w s  a  c o m p a r i s o n  a m o n g  a  h e a t  p i p e ,  
a  s o l i d  a n d  a n  a n n u l a r  p i p e  o f  p u r e  c o n d u c t i o n  f o r  
t w o  d i f f e r e n t  l e n g t h s .  T h e  t w o  d i f f e r e n t  l e n g t h s  
i n v e s t i g a t e d  h e r e  a r e ,  1 7 . 5  e m  a n d  2 5  e m .  A  h e a t  
t r a n s f e r  c o e f f i c i e n t  o f  h e =  2 , 0 0 0  W / m
2
K  a n d  a  h e a t  
i n p u t  o f  2 0  W a r e  u s e d  i n  t h i s  s t u d y .  F r o m  t h i s  
f i g u r e ,  i t  c a n  b e  s e e n  t h a t  t h e  l e n g t h  o f  t h e  h e a t  p i p e  
e s s e n t i a l l y  h a s  n o  e f f e c t  o n  t h e  t e m p e r a t u r e  
r e s p o n s e  i n  a l l  t h r e e  r e g i o n s ,  e v a p o r a t o r  r e g i o n ,  
a d i a b a t i c  r e g i o n  a n d  c o n d e n s e r  r e g i o n .  H o w e v e r ,  i t  
h a s  a  s t r o n g  i m p a c t  o n  t h e  s o l i d  p i p e  a n d  o n  t h e  
a n n u l a r  p i p e .  T h i s  i s  b e c a u s e  t h e  h e a t  n e e d s  t o  
c o n d u c t  m u c h  l o n g e r  d i s t a n c e  b e f o r e  i t  c a n  b e  
r e m o v e d  f r o m  t h e  c o n v e c t i o n  a t  t h e  e v a p o r a t o r  e n d .  
A  b r i e f  c a l c u l a t i o n  s h o w s  t h a t  t h e  B i o t  n u m b e r  f o r  
t h e  s o l i d  a n d  a n n u a l  p i p e  i s  i n c r e a s e d  a p p r o x i m a t e l y  
b y  a  f a c t o r  o f  t w o ,  w h i c h  m e a n s  t h a t  t h e  c o n d u c t i v e  
r e s i s t a n c e  i s  t w o  t i m e s  a s  l a r g e  a s  t h e  s h o r t e r  l e n g t h  
o n e s .  T h i s  a g a i n  r e v e a l s  t h a t  h e a t  p i p e s  c a n  
t r a n s p o r t  h e a t  e f f i c i e n t l y  t o  a  l o n g  d i s t a n c e  ( a s  l o n g  
a s  t h e  c a p i l l a r y  l i m i t  i s  n o t  e x c e e d e d )  w i t h o u t  
i n c r e a s i n g  t h e  t e m p e r a t u r e  i n  t h e  e v a p o r a t o r  z o n e .  
H o w e v e r ,  i t  c a n n o t  b e  c o n c l u d e d  t h e  s a m e  f o r  t h e  
s o l i d  p i p e  a n d  t h e  a n n u l a r  p i p e  o f  p u r e  c o n d u c t i o n .  
7 .  E X P E R I M E N T A L  V A L I D A T I O N  
T h e  u n c e r t a i n t y  o f  t h e  e x p e r i m e n t  d a t a  i s  ± 2 . 5 % ,  a t  
t h e  m o s t ,  f o r  s t e a d y  s t a t e  v a l u e s ,  t h i s  i s  d u e  m a i n l y  t o  
u n c e r t a i n t y  o f  t h e  t h e r m o c o u p l e s  ( t y p e  T ) ,  t h e  d a t a  
a c q u i s i t i o n  s y s t e m  a n d  t h e  p o w e r  s u p p l y  s y s t e m  a r e  
a l s o  t a k e n  i n t o  a c c o u n t  b u t  o n l y  h a v e  a  s m a l l  
c o n t r i b u t i o n  o n  t h e  f i n a l  u n c e r t a i n t y  v a l u e ;  n u m e r o u s  
e x p e r i m e n t s  w e r e  p e r f o r m e d  a n d  g o o d  r e p e a t a b i l i t y  i s  
o b t a i n e d ,  w h i c h  a g r e e s  w i t h  t h e  e x p e r i m e n t a l  
u n c e r t a i n t y .  
F i g u r e  7  d e p i c t s  a  s c h e m a t i c  d i a g r a m  o f  t h e  
e x p e r i m e n t a l  s e t u p .  A n  e l e c t r i c a l  b a n d  h e a t e r  i s  u s e d  
a s  a  h e a t  i n p u t  a n d  a  w a t e r - c o o l i n g  j a c k e t  a s  a  h e a t  
~ 
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Effect on temperature response for the lengths of the heat pipe, solid and annual pipe. 
sink in the condenser sect ion of the heat pipe. The 
power input is controlled with a variable output 
transformer (variac) and the input current and 
voltage are recorded by the data acquisition system; 
the temperatures of the water are measured at the 
entrance and exit of the cooling jacket. The inlet 
temperature is maintained at a constant temperature, 
and the water flow rate is measured with a flow 
meter at the entrance of the cooling jacket. The band 
heater is coupled with the heat pipe using an 
aluminum block and the coo lin g jacket uses a 
liquid-tight cord grip to prevent leakage at the heat 
pipe-cooling jacket joint as shown in the figure. 
The system is insulated to prevent heat losses in the 
adiabatic section. Temperature measurements are 
made with T-type thermocouples placed in the 
middle of the evaporator, adiabati c and condenser 
sections on the heat pipe surface. The experimental 
setup enables to test the heat pipe in any orientation 
and in real time data collections. 
To compare experimental data with numerical 
simu lation, the program is modified to incorporate 
the coupling aluminum block in the evaporator 
section. To keep the axis-symmetry, a third zone 
was added to the numerical model with th e 
properties of the aluminum in the evaporator zone 
and a very low Prandtl number ( I o·20) for the rest of 
the zone. This will guarantee a constant temperature 
there equal toT"' in this zone. 
The convection boundary condition is applied at 
the interior nodes of the external so lid wall of the 
heat pipe in the condenser section; the convection 
coefficient is measured from the experimental data 
using the Newton law of cooling with an average of 
the temperature of the water at the entrance and exit 
of the cooling jacket as the bulk temperature of the 
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F I G U R E  7  
D A T A  
A C Q U S I T I O N  
S c h e m a t i c  d i a g r a m  o f  t h e  e x p e r i m e n t a l  s e t u p .  
f l u i d  a n d  t h e  t e m p e r a t u r e  o f  t h e  c o n d e n s e r  s e c t i o n  
a s  t h e  s u r f a c e  t e m p e r a t u r e .  T h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  e s t i m a t e d  b y  t h e  w a t e r  c o o l i n g  j a c k e t  i s  
a p p r o x i m a t e l y  h c = 4 1 0  W / m
2
K .  
T h e  e f f e c t i v e  t h e r m a l  c o n d u c t i v i t y ,  k , ,  c a n  a l s o  
b e  c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  b y  t h e  
t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  e v a p o r a t o r  a n d  
a d i a b a t i c  z o n e  t e m p e r a t u r e s  a f t e r  t h e  h e a t  p i p e  
r e a c h e s  t h e  s t e a d y  s t a t e  c o n d i t i o n ,  a n d  t h i s  m e t h o d  
i s  p r o v e d  t o  b e  m o r e  a c c u r a t e  t h a n  t h e  o n e  o b t a i n e d  
f r o m  E q u a t i o n  (  1 2 ) .  
F i g u r e  8  s h o w s  a  c o m p a r i s o n  o f  e x p e r i m e n t a l  
d a t a  a n d  n u m e r i c a l  r e s u l t s  f o r  a  h e a t  i n p u t  o f  
Q =  I  0 . 0  W .  T e m p e r a t u r e s  a r e  m e a s u r e d  w i t h  T - t y p e  
t h e r m o c o u p l e s  a t  t h e  m i d d l e  o f  t h e  e v a p o r a t o r ,  a t  
T O  D R A I N  
t h e  m i d d l e  o f  t h e  a d i a b a t i c  z o n e  a n d  a t  t h e  m i d d l e  o f  
t h e  c o n d e n s e r .  T h e  c o u p l i n g  b l o c k  w a s  a n  a n n u l a r  
a l u m i n u m  b l o c k  5 . 5  m m  t h i c k .  I t  c a n  b e  s e e n  f r o m  
t h e  f i g u r e  t h a t  t h e  a g r e e m e n t  i n  t e m p e r a t u r e  a t  t h e s e  
t h r e e  z o n e s  i s  r e a s o n a b l y  g o o d  w i t h  s o m e  
d i s c r e p a n c i e s  d u r i n g  t h e  i n i t i a l  t r a n s i e n t  r e g i o n .  
T h i s  i s  p r o b a b l y  d u e  t o  c o n t a c t  r e s i s t a n c e  b e t w e e n  
t h e  b l o c k  a n d  t h e  h e a t  p i p e .  H o w e v e r ,  t h e  t i m e  
r e q u i r e d  f o r  t h e  t r a n s i e n t  p e r i o d  i s  i n  v e r y  g o o d  
a g r e e m e n t .  T h i s  m a y  b e  c o n c l u d e d  t h a t  t h e  f u l l y  
s a t u r a t i o n  c o n d i t i o n  o f  t h e  v a p o r  a t  a l l  t i m e s  i s  a  
r e a s o n a b l e  a s s u m p t i o n .  T h e  e x p e r i m e n t s  w e r e  a l s o  
r u n  i n  a  v e r t i c a l  p o s i t i o n  a n d  f o r  t h e  s e v e r a l  l e v e l  o f  
h e a t  i n p u t s ,  n o  d r y  o u t  c o n d i t i o n  w a s  o b s e r v e d  f o r  
t h e  h e a t  p i p e .  
(  
178 
FIGURE 8 
-
44 
42 
40 
u 38 
0 
-~ 36 
::I 
-~ 34 
Q) 
c. 
E 32 
Q) 
..... 30 
28 
26 
GUTIERREZ, eta/. 
Heat input= 10 Watts HTC= 410 Wlm'•c 
--"'1- Evaporator (Experimental) 
----A - -- Vapor (Experimental) 
-- - -8 --- Condenser (Experimental) 
250 
- • ··· Evaporator (Numerical) 
.to. Vapor (Numerical) 
• Condenser (Numerical) 
500 
Time (sec) 
750 
Compari son between experimental and numerical data for a heat input of lOW and hc=410W/m2 K. 
AKNOWLEDGEMENT 
Dr. Gustavo Gutierrez appreciates the support to 
this of University of Puerto Rico-Mayaguez. Dr. Tien-
Chien Jen would like to thank the National Science 
Foundation under GOALI program DMII 9908324, 
and UW System Applied Research for their financial 
support of the project. 
NOMENCLATURE 
CF Ergun's constant, 0.55 
Cp specific heat [Jikg-0 C] 
(p Cp)m effective heat capacity [J/m3- 0 C] 
heat transfer coefficient at the condenser 
[WI m2- 0 C] 
latent heat of vaporization [J/kg] 
thermal conductivity [W/m-0 C] 
k, effective thermal conductivity [W/m-0 C] 
K permeability of the porous medium [m2] 
Le length of the evaporator [m] 
La length of the adiabatic region [m] 
Lc length of the condenser [m] 
p pressure [Pa] 
q(z) local rate of heat transfer per unit length 
[W/m] 
Q101at total amount of heat entering and leaving the 
heat pipe [W] 
R0 radius of the heat pipe [m] 
ReP pore Reynolds numbers, ReP= 
rc pore radius of the wick structure [m] 
r; z radial and axial coordinates 
s"' source term in the generic property ¢ 
V,., Vz reduced velocities in the rand z direction 
respectively [m/s] 
reduced blowing and suction velocity at the 
condenser and evaporator respectively [m/s] 
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v i  
v i  
v i  
v i  
t  
f w  
t w a / /  
T o o  
a c t u a l  v e l o c i t y  i n  t h e  " i "  d i r e c t i o n  i n  t h e  
m i c r o - c h a n n e l  o f  t h e  p o r o u s  m e d i u m  [ m / s ]  
a v e r a g e  v e l o c i t y  w i t h i n  t h e  v o i d  s p a c e  o f  t h e  
p o r o u s  m e d i u m  [ m / s ]  
l o c a l  s p a t i a l  d e v i a t i o n  i n  t h e  " i "  d i r e c t i o n  
w i t h i n  t h e  v o i d  s p a c e  [ m / s ]  
D a r c y  v e l o c i t y  i n  t h e  " i "  d i r e c t i o n  [ m / s ]  
t i m e  [ s ]  
t h i c k n e s s  o f  t h e  w i c k  s t r u c t u r e  [ m ]  
t h i c k n e s s  o f  t h e  s o l i d  w a l l  o f  t h e  h e a t  p i p e  
[ m ]  
a m b i e n t  t e m p e r a t u r e  [
0
C ]  
G r e e k  L e t t e r s  
t :  p o r o s i t y  
p  d e n s i t y  [ k g / m
3
]  
a  s u r f a c e  t e n s i o n  [ N / m ]  
i f >  g e n e r i c  p r o p e r t y  
f 1  d y n a m i c  v i s c o s i t y  [ k g / m - s ]  
r  d i f f u s i v i t y  f o r  t h e  g e n e r i c  p r o p e r t y  1 / >  
S u b s c r i p t s  
v  
s o l i d  w a l l  
l i q u i d  
v a p o r  
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